Background: Despite previous studies, uncertainty has persisted about the role of thymidylate synthase (TS) and p53 status as markers of prognosis in colorectal cancer (CRC).
introduction
Colorectal cancer (CRC) is one of the commonest cancers, affecting around 700 000 individuals each year worldwide [1] and in many Western countries such as United States it is the commonest cause of cancer death in nonsmoking men [2] . The natural history of CRCs are not necessarily similar, and tumour molecular profile is likely to play an important role in determining the prognosis for individual patients [3, 4] .
Adjuvant chemotherapy is the standard of care for stage III CRC [5] [6] [7] [8] , but its role in stage II CRC is limited to those at greater risk of relapse as defined by histopathological criteria [9, 10] . Despite curative surgery, however, many patients eventually relapse even following adjuvant therapy [11] , while many of those who currently receive adjuvant therapy might never have relapsed. The identification of robust molecular markers to supplement standard clinical and pathological staging systems is therefore of particular relevance for patients with CRC, especially in the light of recently introduced drugs against CRC [8, 12] . Two molecular markers that have been the subject of much investigation are expression level of the enzyme thymidylate synthase (TS) and mutation status of TP53 [13] [14] [15] . TS is a ratelimiting enzyme involved in DNA synthesis [16] , and competitive inhibition of its activity appears to be the major mechanism for the antitumour effect of fluoropyrimidines [17] , the cornerstone of therapy for CRC. In vitro data indicate that TS expression level is a determinant of fluoropyrimidine sensitivity [16, 18] , suggesting that TS expression might determine tumour sensitivity in vivo [13, 16, 18] . The tumour suppressor TP53, is critically involved in the control of cell cycle and apoptosis [19] [20] [21] [22] and is commonly mutated in CRC [23] . Mutation commonly results in expression of protein with abnormal conformation, characterised by an increased nuclear half-life, which is readily detected as p53 overexpression by immunohistochemistry [20, 24] . Several in vitro studies have reported a relationship between TP53 mutation status and sensitivity to a number of cytotoxic agents, including fluoropyrimidines [25] [26] [27] .
Several studies have previously investigated the prognostic effects of TS and p53 expression in CRC. Most of these studies were relatively small and mainly involved retrospectively collected samples and clinical data with unblinded analytic methods, and the results have been inconsistent [13, 14] . In addition, meta-analyses published on the prognostic utility of both markers [13, 14] were not based on individual patient data, and results may have been biased by a variety of factors [28] . To help address such deficiencies, we present results from a large prospectively designed molecular study of about 1000 earlystage CRC patients, accrued into a multi-centre randomised trial of adjuvant therapy. The prespecified hypotheses tested were that TS expression level and p53 expression status are markers of overall survival (OS) in potentially curatively resected CRC, and the results are reported as per the Reporting Recommendations for Tumour Marker Prognastic Studies (REMARK) guidelines [29] .
These guidelines were recently published as a standard for reporting tumour marker prognostic studies [29] , as a major recommendation of the National Cancer Institute-European Organisation for Research and Treatment of Cancer. Using this standard, relevant information on study design, preplanned hypotheses, patient and specimen characteristics, assay methods and statistical analysis methods are specified, to enable transparent and complete reporting so that the relevant information be available to other researchers in the field to assess the usefulness of the data and understand the context of the conclusions. These guidelines complement the prospective, blinded, large patient population design of this study and together address many of the inadequacies of previously reported studies in this field.
methods patients and samples
Details about the study design, objectives and patient population of the original clinical trial have previously been reported [30] . Briefly, the trial was set up in 1994 to assess the effects of a 7-day continuous intraportal vein infusion of 5-fluorouracil (5-FU), started immediately after tumour resection, on long-term survival in patients with stage I-III CRC [30, 31] . Two hundred hospitals throughout China participated in the trial, and >10 000 patients had been entered in a randomised trial from 1994 to 1998 with the current cycle of follow-up on survival continuing to the middle of June 2003 (median 6 years, in survivors). Of the collaborating hospitals, 39 agreed to participate in a substudy of molecular markers that involved collection of a pair of paraffin-embedded, formalin-fixed tissue blocks (one tumour tissue and one normal tissue) for each randomly assigned patient. All required approvals for the main trial and the molecular substudy were obtained from relevant organisations and ethical committees in China, and informed consent was obtained from individual patients before the investigation. Overall, a total of 967 sets of samples were collected prospectively during the course of the trial. Following official approval by the Chinese Administration for Human Genetic Materials samples, all pathological specimens were sent to the UK Clinical Trial Service Unit (CTSU) in Oxford, where they were anonymised before forwarding to the Section of Cancer Genetics for laboratory analysis.
immunohistochemistry methods
Three-micron sections from a representative part of the primary tumour were cut onto silane-coated glass slides and assessed for TS and p53 expression by the avidin-biotin complex immunohistochemical technique (Vectastain Elite ABC kit; Vector Laboratories Inc., Burlingame, CA) [32] . Negative and positive control slides were included in each staining run. The negative control consisted of replacing primary antibody with phosphatebuffered saline [pH 7.6/0.1% (by vol) Tween solution] whereas positive controls were sections of tumour known to stain heavily for TS or p53.
Tumour sections were deparaffinised in Histoclear (National Diagnostics, Hull, UK) and hydrated in decreasing concentrations of ethanol. Endogenous peroxidase activity was quenched with 5% hydrogen peroxide in methanol for 20 min. For p53 (but not TS) immunohistochemistry, antigen retrieval was performed using a microwave oven-based method. Specifically, sections were incubated in boiling 10 mmol/l citric acid buffer (pH 6.0) for 10 min and then cooled in running water. Nonspecific background staining was blocked with 20% goat serum for 20 min. Sections were then incubated with appropriate primary antibodies at a 1:100 dilution, in a humidified chamber at room temperature for 60 min, using either a validated rabbit polyclonal antibody to recombinant human TS [33, 34] or an anti-p53 mouse monoclonal antibody (clone DO-7; Dako Corp., Glostrup, Denmark). After rinsing, a biotinylated anti-rabbit or anti-mouse secondary antibody was applied for 30 min followed by further washing, and avidin-biotin-peroxidase complexes (Vectastain Elite ABC kit; Vector Laboratories Inc.). Immunostaining was developed by applying freshly prepared 0.05% 3,39-diaminobenzidine tetrahydrochloride (Vectastain Elite ABC kit; Vector Laboratories Inc.). Sections were counterstained in Mayer's Haematoxylin (Sigma Chemical Co., St Louis, MO), dehydrated in a series of ethanols, cleared in Histoclear (National Diagnostics) and mounted with glass coverslips using DePeX (BDH, Poole, UK).
immunohistochemistry evaluation
All slides were randomly allocated to independent assessment by two observers blinded to clinical information. TS expression was categorised semi-quantatively into four groups (0-3) based on chromagen intensity, with the highest tumour staining detected being used as the reference for grading. Grades 0 and 1, representing none and minimal staining, respectively, were defined as the 'low' expression group, whereas grades 2 and 3 were defined as the 'high' expression group. p53 immunoreactivity was dichotomised into positive or negative based on staining of malignant nuclei, with a threshold of 10%. Thresholds to assign marker status were those currently established and used by the vast majority of researchers in this field [13, 14] , thereby allowing a comparative assessment of our dataset.
Level of scoring agreement between the two observers was recorded and was in excess of 85% (see Results section). In cases of disagreement, marker status was discussed and determined by consensus. All immunohistochemistry and results scoring was performed blinded to clinical outcome and recorded on a separate database before merging with the main database kept in Oxford CTSU for the final data analysis.
statistical analysis
Differences in demographic data and between different categories of markers were tested for significance using the v 2 test for categorical variables and the Student's t-test or Mann-Whitney nonparametric test for continuous variables. The level of agreement between assessors was assessed using the j statistic. A Cox regression model was used with individual marker as the exposure variables and OS (from time of surgery to time of death or end of current follow-up) as the outcome. The analyses were adjusted simultaneously for sex, age, tumour size, grade (World Health Organization), stage and sites as well as use of post-operative adjuvant therapies. The cumulative probability of survival was calculated by the Kaplan-Meier method and groups were compared by the stratified log-rank test. Information on progression-free survival was not available for all randomly assigned patients, nor were most histopathological features, e.g. T-stage, and number of lymph nodes resected at time of surgery. For all patients randomized to the clinical study, information was available neither for progression-free survival nor for most histopathological features, e.g. T-stage, and number of lymph nodes resected at time of surgery. All P values were two-sided, with Efficacy data from the main trial are yet to be reported.
TS and p53 expression
Of the 967 samples tested, 953 and 951 were assessable for TS and p53 expression, respectively, with the remainder nonevaluable due to either insufficient tumour present or nonrepresentative specimens. For TS analysis, a further 174 (18%) samples were nonevaluable due to repeatedly poor staining, resulting in 779 samples with available TS data ( Table 2 ). Of these, 58% (449) expressed high TS levels (grade 3, 22% and grade 2, 36%), with the remainder Figure 1 ). For p53 status, a further 196 (20%) samples were nonevaluable due to either repeatedly poor staining or tissue destruction at antigen retrieval, resulting in available data from 755 (78% of the total) patients for the present analysis (Table 2) . Of these samples, just over half demonstrated p53 overexpression (453, 60%; Figure 1 ). Level of agreement between observers for both TS and p53 expression was high (j > 0.94).
Of the 754 patients with both TS and p53 results available (78% of the total), a significant relationship between TS and p53 status was observed (P = 0.0006), with tumours expressing high levels of TS more likely to overexpress p53.
marker status and clinical correlates
Significant associations were observed between marker status and several clinical variables ( Table 2) . TS status was associated with stage (P = 0.02), with tumours less likely to express high TS levels if advanced at resection. These associations were not observed for p53 status, where marker status was instead associated with site (rectal tumours more frequently being p53 positive, P < 0.001). There was no interaction between markers and tumour grade.
At the end of the current cycle of follow-up, 400 (41%) patients had died, mostly from disease recurrence, with median follow-up of 51 months (0-100). OS was significantly associated with CRC stage (HR = 1.68, 95% CI 1.37-2.06 and P < 0.0001), and marginally significantly with grade (HR = 1.35, 95% CI 0.99-1.84 and P = 0.06), after correction for co-variates, with 5-year survival rates of 61.5% (SE 2.2%) and 46.4% (SE 2.8%) for stage II and III CRC, and 61.7% (SE 1.9%) and 45.5% (SE 5.1%) for well/moderately and poorly differentiated disease, respectively. This survival rate was consistent with that previously reported from China [35, 36] .
No statistically significant difference in OS was observed between tumours with or without high TS expression, with a 5-year survival rate of 59.0% (SE 2.9%) in patients with high TS levels compared with 56.8% (SE 3.2%) in those with low TS levels (HR = 0.94, 95% CI 0.76-1.18 and P = 0.6; Figure 2) . Similarly, no statistically significant difference in OS was observed between the two different p53 groups, with a 5-year survival rate of 58.0% (SE 2.9%) in patients with p53-positive tumours compared with 57.8% (SE 3.4%) in p53-negative tumours (HR = 0.98, 95% CI 0.78-1.23 and P = 0.9; Figure 3 ). The effect of TS and p53 expression in patients treated by surgery alone was not specifically assessed due to small number of patients involved.
When all standard prognostic clinical variables were included as co-variables in a Cox proportional hazards model, there was again no evidence that these two markers were significantly associated with OS (HR = 0.99, 95% CI 0.79-1.25 and P = 0.9 for TS and HR = 0.98, 95% CI 0.78-1.23 and P = 0.8 for p53). When restricting analysis to a subset of patients with stage III rectal cancers (n = 167), however, there was an indication that high TS levels were associated with a poor OS (HR = 1.55, 95% CI 1.01-2.38 and P = 0.04), whereas for p53 there was also a borderline significant relationship with OS (HR = 1.58, 95% CI 0.99-2.50 and P = 0.05). No significant relationship was found with OS in the stage I-II rectal cohorts for either marker (TS HR = 0.87, 95% CI 0.60-1.26 and P = 0.5 and p53 HR = 0.82, 95% CI 0.55-1.22 and P = 0.3). These subsets were, however, analysed in a post hoc manner, and should therefore be interpreted with caution.
discussion
The present study is one of the largest investigations of the prognostic value of molecular markers in CRC reported to date. Despite the use of prospective study design and blinded laboratory assessment of TS and p53 status to minimise the potential biases seen in previous such studies [29] , the present study provides little evidence that TS or p53 overexpression is of any significant prognostic value in the adjuvant setting of CRC.
Although it involved a Chinese patient population that has not been extensively studied previously, these results were generally consistent with many, though not all, previous studies conducted in Western populations [37] [38] [39] [40] [41] . While there is some suggestion that TS and p53 might be associated with poor OS in a subset of patients with stage III rectal cancer, this result may be due chiefly or wholly to the play of chance, given the large number of subgroups examined, the small number of patients involved in that particular subset and the marginally statistical significance of the results. It is highly plausible that TS expression or p53 status may influence CRC prognosis, given that TS is a target for 5-FU [42] and also a regulator of p53 expression [43, 44] . There is also evidence that p53 itself could potentially modulate 5-FU resistance [17] . Several studies have previously reported on the relationships between TS expression, p53 status and survival in CRC but results have been inconsistent, with some showing a positive relationship [45, 46] , while others show no such relationship [33, 40, [47] [48] [49] . In studies of patients with advanced CRC, high TS expression has been shown in some to be associated with poorer OS [13] , whereas many other studies in the adjuvant setting have generally failed to document a relationship between levels of expression and OS, particularly in the setting of adjuvant 5-FU-based regimens [38] [39] [40] [41] .
It is unclear what accounts for the apparent discrepancy between observations in the advanced and adjuvant settings. While it is possible that the level of TS expression in primary resected tumour may not reflect its expression level in metastases [47, 50] or associated lymph nodes [37] , it is equally possible that much of the difference is methodologically related. By contrast to the present study, most previous studies, especially those in advanced CRC, were very small typically involving only about 100 patients and tended to use retrospectively retrieved tissue samples and clinical data, as well as unblinded laboratory assays for molecular markers. Consequently, the results could be subject to large biases. By using a large prospectively designed study with central unblinded and established molecular assays, it is possible to minimise much of the problems commonly found in previous studies so as to provide an unbiased and reliable, though not necessarily conclusive, assessment of prognostic significance of TS and p53.
There is suggestion from a pooled analysis of 584 patients that TS level may predict poor OS only in patients treated by surgery alone without adjuvant 5-FU [13] . If this were true, then it may suggest that adjuvant 5-FU could potentially abrogate a poorer prognosis ascribed by high TS expression, possibly a consequence of 5-FU scheduling. This hypothesis, however, cannot be tested directly in the present study, as nearly all patients received some form of 5-FU-based chemotherapy following surgery. In vitro data indicate that induction of high TS expression could potentially lead to 5-FU resistance in some types of tumour cells but is dependent on whether 5-FUmediated cytotoxicity in cells is mediated primarily by TS inhibition or by nucleotide misincorporation [51, 52] . The latter non-TS-directed effect may have been the more predominant mechanism of 5-FU action when administered as a bolus regimen [53] . Unfortunately, no detailed information was available in the present study regarding the regimen of adjuvant 5-FU administered, so that the question as to whether any original article Annals of Oncology differences in this aspect of patient management may have biased outcome cannot be investigated directly.
Most previous molecular analyses have been conducted in Western populations, and there is little direct information about the molecular features of CRC in populations such as China, where disease incidence is still much lower than that in Western Europe and North America. The present study in China showed that, although there is a difference between Chinese and Western patients in the main types of CRC observed (more rectal rather than colon cancer in China), the proportion of patients with high levels of TS expression was generally similar to that in other reported series in the Western populations [13] , as was the proportion of tumours overexpressing p53 [14] . Although the frequency of p53 overexpression in this dataset was marginally higher than that assumed for power calculations, this difference did not impact on the power of our study. Previous reports have indicated an increased incidence of the 3R/3R 28-base-pair variable number of tandem repeat (VNTR) polymorphism in Chinese patients [54] , which could result in a greater proportion of high TS expression. Although TS genotype was not specifically assessed, the lack of overrepresentation by tumours expressing high TS levels may be accounted for by either an unknown prevalence of the functional G/C single-nucleotide polymorphism within the third VNTR tandem repeat [55, 56] or a complex relationship between genotype and expression when measured by immunohistochemistry [57] .
By comparison with TS expression, the prognostic value of p53 status has been less well established. Although a number of studies have reported a poorer OS in patients with TP53 mutations or p53 overexpression, there has been considerable variation in findings [14, 15] , due perhaps in part to the same methodological problems as in studies of TS (nonblinded investigators, small samples sizes and retrospective analyses) and in part to the method of ascertaining p53 status. A number of studies have investigated TP53 directly by mutational analysis, while others have adopted indirect methods on the basis of either immunohistochemistry or allelic imbalance at chromosome 17p [14, 15, 58, 59] , and each of them is also likely to be subject to large experimental variation. In particularly, exons screened for mutations have varied between studies, as have microsatellite markers genotyped. Although immunohistochemistry-based studies have used a variety of antibodies, the most commonly used one, as in the present study, is DO-7 [15] . Despite this and the large number of patients involved, the present study did not provide any supportive evidence that p53 overexpression is of prognostic significance in the adjuvant setting. In immunohistochemistry-based analyses, however, although p53 overexpression is used as a surrogate marker of TP53 mutation, it does not fully correlate with mutation status [60] . Mutation does not necessarily correlate with p53 expression [61] or nuclear aggregation. Discordance between TP53 sequence variation and expression status by immunohistochemistry has been observed in up to 30% of tumours [60] with some tumours completely lacking protein expression nonfunctional secondary to mutation [61] , and other nontruncating functional sequence variants undetectable by immunohistochemistry [62] . This could therefore potentially obscure any real relationship between longterm survival prognosis and TP53 mutation.
In summary, we have utilised standard molecular methods to evaluate TS and p53 as prognostic markers in the largest patient cohort from a single clinical trial reported to date. Our findings provide little evidence to indicate that in the adjuvant setting, TS or p53 expression is predictive of OS, and these markers should not be used in routine clinical decision making. We cannot, however, exclude a role for TS in patients treated in the adjuvant setting by surgery alone and further studies, particularly in those with good-prognosis stage II CRC, are warranted. This will help better define the prognostic utility of this marker without the potential covariate of adjuvant chemotherapy. 
